Surface characteristics of the gate-dielectric layers in graphene field-effect transistors (FETs) critically affect the electrical properties of the devices. In this report, the effects of self-assembled monolayers (SAMs) on the electrical properties of graphene FETs were examined by using various SAM buffer layers with different end groups and alkyl chain lengths. Especially, the dipole moment of the SAMs affects the doping properties of graphene as well as field-effect mobility, hysteresis, and stability of graphene FETs. The type and magnitude of doping are dependent on the functional groups in SAMs: Electron withdrawing fluorine groups p-dope the graphene whereas electron donating amine groups n-dope the graphene. The electrical stabilities such as hysteresis and gate-bias instability are mainly governed by the magnitude of the dipole moment in SAMs. Hexamethyldisilazane treatment resulted in graphene FETs with the highest electrical stabilities, because of the short one aliphatic alkyl chain with a negligible dipole moment. In contrast, in graphene FETs with SAMs having a strong dipole moment, electrical stabilities deteriorated by the charge trapping in SAMs.
Introduction
Graphene has received considerable attention as a future material in display and semiconductor research. [1] [2] [3] [4] [5] Especially, the development of a synthesis method of large-area/highquality graphene by chemical vapor deposition (CVD) opens the possibility of graphene for use in future display elements such as transparent conductive electrodes. [6] [7] [8] Graphene devices have typically been fabricated on SiO 2 /Si substrates for the device applications of graphene. However, impurities on a SiO 2 surface induce charged impurity scattering, thereby decreasing the charge carrier mobility of graphene eld-effect transistors (FETs). 9, 10 In this regard, several research groups have utilized hydrophobic self-assembled monolayers (SAMs) to screen these charged impurities. [11] [12] [13] [14] [15] For instance, octadecyltrichlorosilane (ODTS) SAMs have been proven to protect charged impurities on a SiO 2 surface and reduce the substrate-induced doping of graphene. [11] [12] [13] The surface protection with ODTS SAMs thereby leads to high charge carrier mobilities with nearly zero Dirac point voltage. However, stability issues including hysteresis and bias stability of the graphene FETs that are fabricated on SAM modied SiO 2 /Si substrates have not been fully examined yet. Addressing the stability issues of the graphene FETs would contribute to the commercialization of graphene-based devices.
Effects of the underlying SAM buffer layers on the electrical properties of graphene FETs have been partially studied. Yokota et al. found that the dipole moment of SAMs induces shi in the Fermi level of graphene, thereby leading to doping of graphene. 16 In contrast, electron donating characteristic of NH 2 -SAMs was shown to induce n-doping of grapheme, because of the charge transfer in graphene/NH 2 -SAMs interface. [17] [18] [19] [20] These results indicated that the charge carriers (i.e., electron and hole) in the graphene channel were affected by the SAMs on SiO 2 /Si substrates. A recent report by Gholamrezaie et al. revealed that the threshold voltage in organic FETs was closely related to the dipole moment in SAMs. 21 The surface potential of SAM modied SiO 2 /Si aer the delamination of the deposited organic semiconductor matched well with the observed threshold voltage shi. This result indicates that charge carriers can be trapped at the SAMs mainly, because of the dipole moment in SAMs.
In this study, we examined the effects of the dipole moment of SAMs on the electrical stabilities of graphene transistors. Three different SAM agents were used with different end functional groups and alkyl chain lengths: ODTS, 3-aminopropyltriethoxysilane (APS), and 1H,1H,2H,2H-peruorodecyl-triethoxysilane (FDTS). Hexamethyldisilazane (HMDS) with one alkyl chain length was compared together. These molecules were self-assembled on a SiO 2 surface to construct a uniform molecular layer. The CVD grown graphene was transferred on the SAM modied SiO 2 /Si substrates, and their electrical stabilities were analyzed by measuring current-voltage hysteresis curves and bias-induced device stability.
Experimental
Graphene was synthesized on a Cu foil by the CVD method.
6,8
Predominant single layer graphene (>95%) was used in this study. Silicon wafer with thermally grown SiO 2 (thickness of 300 nm) was cleaned with acetone, isopropanol, and UV/ozone prior to use. ODTS, APS, and FDTS were self-assembled on SiO 2 /Si substrates by the dipping method. 22 In contrast, HMDS was spin-coated on SiO 2 /Si substrate followed by baking at 150 C for 1 h. 11 The surface energies of the SAMs-modied SiO 2 /Si were measured by the contact angle method. Dipole moments of SAMs were measured by ultraviolet photoelectron spectroscopy (UPS; He I source, hn ¼ 21.2 eV) at the 4D beamline of the Pohang Accelerator Laboratory in Korea. The synthesized graphene on Cu foil was transferred on the SAMs-modied SiO 2 /Si substrates using PMMA (M w of 996 kg mol À1 ) supporting layer.
Ammonium persulfate with a concentration of 0.05 mol L À1 was used for etching the Cu foil. Aer the successful transfer of graphene, the PMMA layer was etched by dipping the PMMA/ graphene/SAMs-modied SiO 2 /Si in acetone for 5 h. The optical properties of graphene lms were measured by Raman spectroscopy at room temperature using a 532 nm laser (Witec alpha 300R) and G-band and 2D-band were analyzed from the Raman spectra. To fabricate graphene transistors, 50 nm thick Au source/drain electrodes were thermally evaporated on the graphene lms through a shadow mask. The channel length and width were 150 and 1500 mm, respectively. Electrical properties of graphene transistors were characterized using a Keithley 4200-SCS under vacuum. Bias stabilities of graphene transistors were measured at the continuous bias condition (V G ¼ À80 V, V D ¼ 0.01 V) for 1 h by monitoring the source/drain current. ODTS showed a water contact angle of 104 . This is attributed to the dense packing of ODTS SAMs induced by its longer alkyl chains. 11,23 HMDS does not fully cover the silanol groups on a SiO 2 surface, showing a moderate contact angle. The water contact angles of APS and FDTS SAMs were measured to be 50 and 107 , respectively, because of different end group characteristics such as hydrophilicity of the amine groups and hydrophobicity of uorine atoms.
Results and discussion
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To measure the relative direction and magnitude of the dipole moments of SAMs, secondary electron cut off spectra in UPS were measured (Fig. 2) . The onset of the secondary electrons is determined by the dipole moment in SAMs. 24 The onset of the secondary electrons at a kinetic energy is ordered as follows: FDTS > untreated SiO 2 > HMDS > ODTS > APS. The electron withdrawing character of uorine atoms in FDTS SAMs is responsible for the higher onset kinetic energy compared to that of the untreated SiO 2 . In contrast, ODTS and APS SAMs exhibit the opposite direction of onset kinetic energy because of the electron donating characteristic of the functional groups (-NH 2 , -CH 3 ). When comparing ODTS and APS SAMs, the dipole moment of APS SAMs (À1.0 eV) is larger than that of ODTS SAMs (À0.6 eV). HMDS exhibits a very small dipole moment compared to that of ODTS mainly because of the shorter alkyl chain length. The reason for the dipole moment (À0.6 eV) in ODTS SAMs is that ODTS SAMs are constructed on the SiO 2 surface in an ordered manner by the hydrophobic interaction between long alkyl chains.
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From the UPS measurement, the direction and magnitude of the dipole Fig. 3 shows the electrical properties of various graphene FETs prepared with different SAMs inserted between the graphene and SiO 2 . Gate bias was swept from À80 V to 80 V at a xed source-drain bias of 0.01 V. Because the impurities from air atmosphere affect the electrical properties of graphene, in situ annealing at 100 C was optionally conducted in the probe station chamber to exclude this effect. The electrical properties (i.e., electron and hole mobilities, Dirac point voltage, and hysteresis properties) were extracted from the transfer curves and listed in Tables 1 and 2 
11,17
Although annealing at 100 C is known to remove atmospheric impurities, adsorbates at the interface between graphene and SiO 2 could not be fully removed. For this reason, p-doping of graphene was not changed, and ambipolar properties of graphene were not attained even aer thermal annealing at 100 C.
The HMDS-modied SiO 2 surface showed the recovery of the ambipolar properties of graphene at a Dirac point voltage of 11 V (Fig. 3b) . The recovered ambipolarity is due to the passivation of the SiO 2 surface with a hydrophobic HMDS layer.
14 The increase in the eld-effect mobility is directly linked with the suppression of graphene doping caused by the blocking of the charged impurities on the SiO 2 surface. In addition, negligible hysteresis was observed in dual sweeps. Because HMDS has a negligible dipole moment, it does not increase the charge trapping in the graphene channel. Accordingly, the graphene FETs with HMDS buffer layer exhibited the smallest hysteresis in dual sweeps. When the ODTS SAMs was used as a buffer layer, the electron and hole mobilities increased more, and the Dirac point voltage is near to zero (Fig. 3c) . Because ODTS is self-assembled on the SiO 2 surface in an ordered manner, it can block the charged impurities much more effectively than HMDS.
11 In contrast, the magnitude of hysteresis increased in the dual sweeps and annealing boosted the hysteresis behaviour, as conrmed by the maximum gate voltage shi in dual sweeps (Tables 1 and 2 ). We proposed that the increased hysteresis is related to the dipole moment in ODTS SAMs (Fig. 2) . Annealing at 100 C could remove the atmospheric impurities while inducing the intimate contact of graphene on ODTS SAMs. Accordingly, the effects of the dipole moment on the hysteresis behaviours of charge carriers increased aer thermal annealing at 100 C.
Graphene FETs prepared with APS SAMs showed n-doping behaviour in the forward sweep (Fig. 3d) , corresponding well with the previous reports. 17, 19, 20, [27] [28] [29] The lone pair electrons in the amine groups have electron donating characteristic, thereby leading to the up-shi of Fermi level (n-doping). In addition, the large dipole moment of APS SAMs triggers a considerable hysteresis in the dual sweeps. The maximum gate voltage shi in APS SAMs increased from 29 V to 38 V aer thermal annealing at 100 C (Tables 1 and 2 4 shows the gate bias stabilities of graphene FETs with different buffer layers inserted between graphene and SiO 2 . A prolonged gate bias of À80 V was applied on the devices, and current decay was measured at a source-drain bias of 0.01 V. The on-current levels of all the devices showed decreased, resulting from the charge trapping. 30 The graphene FETs on the untreated and those with HMDS treated SiO 2 exhibited relatively small current decays. The graphene FETs with FDTS, ODTS, and APS SAMs showed considerable current decays. Especially, graphene FETs with APS SAMs showed the highest current decay (i.e., the lowest degree of bias stability). Amine groups with electron donating characteristics increase the hole trapping when continuous negative gate bias is applied on the devices.
It is noteworthy that graphene FETs with ODTS SAMs showed a low degree of gate bias stability despite the high electron and hole mobility values. ODTS SAMs have been considered as the most efficient buffer layer for blocking the charged impurities on SiO 2 surface and favoring electron and hole transports.
11 Note that long alkyl chains in ODTS SAMs contribute to the formation of well-ordered close-packed monolayers by the hydrophobic interactions between the neighboring alkyl chains. On the other hand, ODTS SAMs intrinsically contain dipole moment, inducing trapping of charge carriers. The charge trapping in ODTS SAMs resulted in bias instability and considerable hysteresis. The FETs with a HMDS buffer showed outstanding stability comparable to the untreated SiO 2 and can be understood in terms of the chemical structure of HMDS with one alkyl chain. The alkyl chain length dependence of bias stability has been reported in the earlier reports by Suemori et al. and Roh et al., where organic semiconductors were adopted as an active layer. 31, 32 They found that the trap creation in SAMs with longer alkyl chains (i.e., ODTS) is much more facilitated than SAMs with shorter alkyl chains (i.e., HMDS). However, they could not nd physical origins for the observed behaviour. We insist that the dipole moment in SAMs is responsible for the physical origin of the low electrical stabilities. This explanation is in line with a recent study reporting SAM-induced charge trapping in organic FETs. 21 To support this claim, we also measured the bias stability of organic FETs with SAMs by using pentacene as an active layer (see the ESI, Fig. S2 †) . In accordance with the graphene FETs, pentacene FETs with ODTS SAMs resulted in low bias stability under continuous gate-bias. We thus concluded that the electrical instability of graphene FETs with a SAM buffer layer originates from the charge trapping in SAMs, and the SAMinduced charge trapping phenomena are general irrespective of semiconductor materials used.
Conclusions
The effects of the dipole moment in SAMs on the electrical properties of graphene FETs were investigated. The secondary electron cut off spectra revealed that the magnitude and direction of dipole moment were determined by the chemical structures of SAMs (i.e., end group and alkyl chain length). Especially, electron withdrawing character in FDTS SAMs resulted in the opposite direction of dipole moment compared to ODTS and APS SAMs with electron donating characteristics. In contrast, HMDS has a small magnitude of dipole moment mainly owing to its one alkyl aliphatic chain. The electrical measurements showed that doping characteristics of graphene FETs were signicantly affected by the dipole moment in SAMs: FDTS p-doped the graphene while APS n-doped the graphene. The dipole moment in SAMs also affected the bias stabilities such as hysteresis and gate-bias stability and can be explained in terms of charge trapping in SAMs. The HMDS treatment increased the device stabilities than other SAMs. These ndings demonstrate that the control of dipole moment in SAMs is essential to fabricate graphene FETs with high electrical stabilities.
